A previous study by Mikolajewicz suggested that the wind stress feedback stabilizes the Atlantic thermohaline circulation. This result was obtained under modern climate conditions, for which the presence of the massive continental ice sheets characteristic of glacial times is missing. Here a coupled oceanatmosphere-sea ice model of intermediate complexity, set up in an idealized spherical sector geometry of the Atlantic basin, is used to show that, under glacial climate conditions, wind stress feedback actually reduces the stability of the meridional overturning circulation (MOC). The analysis reveals that the influence of the wind stress feedback on the glacial MOC response to an external source of freshwater applied at high northern latitudes is controlled by the following two distinct processes: 1) the interactions between the wind field and the sea ice export in the Northern Hemisphere (NH), and 2) the northward Ekman transport in the tropics and upward Ekman pumping in the core of the NH subpolar gyre. The former dominates the response of the coupled system; it delays the recovery of the MOC, and in some cases even stabilizes collapsed MOC states achieved during the hosing period. The latter plays a minor role and mitigates the impact of the former process by reducing the upper-ocean freshening in deep-water formation regions. Hence, the wind stress feedback delays the recovery of the glacial MOC, which is the opposite of what occurs under modern climate conditions. Close to the critical transition threshold beyond which the circulation collapses, the glacial MOC appears to be very sensitive to changes in surface wind stress forcing and exhibits, in the aftermath of the freshwater pulse, a nonlinear dependence upon the wind stress feedback magnitude: a complete and irreversible MOC shutdown occurs only for intermediate wind stress feedback magnitudes. This behavior results from the competitive effects of processes 1 and 2 on the midlatitude upper-ocean salinity during the shutdown phase of the MOC. The mechanisms presented here may be relevant to the large meltwater pulses that punctuated the last glacial period.
Introduction
A fundamental problem in physical oceanography and climate science concerns the stability of the Atlantic meridional overturning circulation (AMOC) with respect to the amount of freshwater supplied to the high-latitude oceans. This issue is currently an area of major interest because recent observations indicate a persistent freshening of the high-latitude oceans over the past four decades (Dickson et al. 2002; Curry et al. 2003) . Furthermore, state-of-the-art climate models suggest that polar regions of the oceans are likely to freshen over the next few decades as a result of enhanced greenhouse gas conditions. There is also some strong paleoclimatic evidence from Greenland ice cores and deep marine sediments that the North Atlantic climate during the last glacial period was punctuated by rapid climate changes (Heinrich 1988; Bond et al. 1993; Alley et al. 1999) . Of particular interest are the socalled Heinrich events that occurred at a period of about every 6000-10 000 yr and are often interpreted as being the consequence of ice sheet/ice shelf instabilities, which cause an influx of meltwater into the North Atlantic Ocean. This may have led to major changes in North Atlantic Deep Water (NADW) production (Vidal et al. 1997; McManus et al. 2004) , subsequently affecting the AMOC on time scales from centuries to millennia.
The effect of high-latitude freshening on climate stability was traditionally studied in connection with the abyssal circulation, which is somewhat shielded from the direct influence of the winds. However, the wind stress forcing can significantly affect the MOC and climate by modifying both the liquid and solid (i.e., sea ice) freshwater content/distribution stored in the highlatitude upper ocean. Several attempts to quantify the role of the wind stress forcing on the MOC have revealed that the wind-driven circulation has a stabilizing influence on the MOC. For instance, Timmermann and Goosse (2004) found that neglecting the wind stress forcing in their multicentury simulations led to a complete shutdown of the MOC. Mikolajewicz (1996) and Schiller et al. (1997) analyzed the response of the MOC to a meltwater input in the northern North Atlantic. They showed that because of the wind stress feedback, the collapsed MOC state (i.e., without NADW formation) achieved during the "hosing" period is slightly unstable. This occurs through both the intensification of the freshwater export to the North Atlantic by the East Greenland Current, and by enhanced upward Ekman pumping in the core of the Greenland-IcelandNorwegian Seas. These effects tend to remove the freshwater cap at high latitudes, thereby preventing the formation of a sharp halocline. However, these results have been obtained on the basis of experiments under modern climate conditions, that is, without the presence of the massive continental ice sheets (Laurentide and Fennoscandian) that are characteristic of glacial times. It is thus important to investigate whether the stabilizing effect of the wind stress feedback on the MOC is still valid under glacial climate conditions, during which time the interaction between the sea ice and the wind field might be strengthened. The present study indeed shows that the effect of wind stress feedback on the response of the glacial MOC to a high-latitude freshwater pulse can be opposite to that operating under modern climate conditions.
More recent studies suggest that the wind stress feedback may significantly affect the response of both the MOC and climate to buoyancy forcing anomalies. Saenko et al. (2007) showed that in a climate featuring extensive sea ice coverage in the Labrador Sea, changes in surface wind stress induced by a massive freshwater discharge along the eastern coastal boundaries of Greenland or North America cause a warming of the western North Atlantic instead of a cooling, through a reorganization of convection in the Labrador Sea. Radko (2007) applied the zonal average residual mean theory to the upper-ocean overturning to demonstrate analytically that a surface buoyancy forcing anomaly, applied at high latitudes of a hemispherically symmetric ocean, is able to amplify rapidly via a positive feedback between the surface zonal wind stress and the MOC. This mechanism could be an alternative to the mechanism of spontaneous symmetry breaking (Bryan 1986; Quon and Ghil 1992; Dijkstra and Molemaker 1997; Weijer and Dijkstra 2001) , whose physics is related to the freshwater forcing and the ensuing positive salt advection feedback (Rooth 1982; Walin 1985) .
The purpose of the present paper is to increase our understanding of the mechanisms affecting the stability of the MOC, with a particular emphasis on the wind stress feedback influence rather than on the wind stress magnitude itself. We investigate this influence when freshwater is added at the high latitudes of the Northern Hemisphere. To assess the extent to which the mean state matters to the problem, we performed two sets of experiments aimed at simulating a warm (i.e., modern) and a cold (i.e., glacial) climate. Both the influence of the magnitude of the freshwater delivery and the wind stress feedback are investigated. For this purpose, we use an intermediate-complexity coupled ocean-atmosphere model. A simple zonally averaged surface wind stress formulation is developed, based on the original ideas of Green (1970) and Stone and Yao (1987) . An idealized spherical sector geometry, whose dimensions are appropriate to those of the Atlantic Ocean, is adopted. This idealized approach is useful and even necessary to disentangle the feedbacks affecting the stability of the MOC. This allows us to develop a meaningful assessment of the role of one particular phenomenon in the response of the coupled system, and to propose hypotheses that can be further tested in more complex climate models. In addition, the sensitivity studies can benefit from the low computational requirements that allow us to run a large number of experiments. It must therefore be stressed that the idealized experiments presented here do not attempt to reproduce a precise simulation of past or present climate. Rather, our goal is to elucidate the processes and feedback mechanisms that affect the response of the coupled system in the context of wind feedbacks during the freshwater pulse phases.
The remainder of this paper is structured as follows. The coupled model, surface wind stress parameterization, and experimental design are presented in section 2. A brief analysis of the unperturbed control climate states is presented in section 3. The impact of the wind stress feedback on the response of the coupled system to external sources of freshwater under modern and glacial climate conditions is analyzed in section 4. The main results are then summarized and discussed in section 5.
Model description and experimental design a. The coupled model
To address the questions raised above, we use version 2.7 of the University of Victoria Earth System Climate Model (UVic ESCM; Weaver et al. 2001) , with a default spherical grid resolution of 2°in both horizontal directions. This model of intermediate complexity is made up of a 3D ocean general circulation model, a vertically integrated thermodynamic energy-moisture balance model, and a thermodynamic/dynamic sea ice model, coupled altogether through exchanges of heat, freshwater, and momentum. Because we are interested in the feedbacks inside the Atlantic basin, a simplified sector model geometry has been chosen for this purpose, allowing for much simpler analyses. More specifically, the geometry (Fig. 1) consists of a two-hemisphere flat-bottom ocean basin with a constant depth of 4500 m. The ocean basin has a longitudinal width of 60°, as does the atmosphere, and ranges from 70°S to 76°N. Land is present poleward of these boundaries up to 84°l atitude. A zonal subpolar channel analogous to the Drake Passage in the Southern Ocean (SO) is represented by applying cyclic boundary conditions between 50°and 60°S and between the surface and 2500-m depth. The thermodynamics in the sea ice model is based on the relatively simple zero-layer formulation of Semtner (1976) , with the lateral growth and melt parameterization of Hibler (1979) . This assumes that the ice has no heat capacity and that the surface temperature is in instantaneous balance with the external forcing. The elastic-viscous-plastic rheology developed by Hunke and Dukowicz (1997) is used for the sea ice dynamics. The ocean model is the Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean Model, version 2 (Pacanowski 1995) . The vertical grid spacing increases from 50 m at the surface to 450 m at the bottom (19 levels). The Gent and McWilliams (1990) mixing scheme (GM) has been included in the ocean model to allow for a parameterization of the effects of baroclinic eddies and to reduce SO circulation errors caused by the coarse resolution employed. The isopycnal mixing and thickness diffusivities are set to 0. ) has been artificially extracted from the ocean in the latitude band of 70°-64°S to capture Antarctic Bottom Water (AABW) formation. This perturbation is uniformly compensated in the other parts of the ocean domain in order to conserve salt globally.
One of the main difficulties when using such atmosphere energy-moisture balance models concerns the parameterization of eddy heat, moisture, and momentum fluxes. Horizontal atmospheric transports of heat and moisture are parameterized on the basis of downgradient mixing laws. The meridional eddy momentum flux divergence setting the surface zonal wind stress profile is parameterized following the original ideas of Green (1970) and Stone and Yao (1987) . This parameterization has been developed to understand the maintenance of the zonally averaged atmospheric general circulation, so that the effect of the zonal pressure gradient vanishes. This formulation has the advantage of conserving atmospheric angular momentum, in contrast with previous parameterizations based on strong empirical constraints derived either from reanalyses or outputs from climate models (Weaver et al. 2001; Oka et al. 2001) . Because our atmosphere model is sectorial, the zonally averaged zonal pressure gradient does not vanish. However, the relatively simple model geometry employed makes the structure of the surface air temperature (SAT) field approximately zonal with very small deviations from the zonal mean at all latitudes. We thus assume a posteriori that the zonally averaged zonal pressure gradient can be neglected, so that the following parameterization can be used.
b. Surface wind stress parameterization
Let us first assume, following Cessi (2000) , a minimalist representation for the vertical structure of the atmospheric density and the zonally averaged potential temperature ⌰, ϭ s exp͑Ϫz րH͒ and ͑1͒
The parameters used in the present wind stress formulation are defined in Table 1 . In a statistical steady state, the zonally averaged zonal wind stress satisfies in spherical coordinates,
where the overbar denotes the zonal average. Green (1970) used the quasigeostrophic approximation to show the relation between the eddy momentum flux uЈЈ and the eddy fluxes of heat ⌰ЈЈ and potential vorticity qЈЈ, so that
Because heat and potential vorticity are conserved following particle trajectories, Green (1970) further argued that downgradient mixing laws can be adopted for both heat and potential vorticity, with the same meridional eddy diffusivity K vy ,
where the vertical terms have been neglected. The zonally averaged potential vorticity is and Yao (1987) argued that the meridional eddy diffusivity K vy is better represented by the sum of a (Stone and Yao 1987) (linear) term characteristic of the early stages of the life cycle of baroclinic instability (K BC ) and a second term parameterizing the latter stages of cyclogenesis when nonlinear effects become important (K NL ), so that
The diffusivity K BC is approximated by
where d is the depth scale for the most unstable baroclinic wave parameterized after Stone and Yao (1990) as
and r is a nondimensional measure of beta effects,
The background eddy diffusivity k s is prescribed as a meridional sine profile (Table 1 ). The coefficient K NL is chosen to be independent of height with its meridional variations expressing the meridional structure of the eastward-traveling waves
where K 0 is a constant, and
where y 0 is the distance into the region of easterlies from the latitude where [ u ] ϭ 0, and L is a characteristic decay scale in the evanescent region. Given the vertical distribution of temperature and the thermal wind balance, the zonally averaged zonal wind then reads
where the surface zonal wind u s is related to the surface wind stress through a linear drag law
Combining these relationships, the zonally averaged surface zonal wind stress satisfies
where
and
is the baroclinic deformation radius in the atmosphere. Note that f ϭ f 0 is constant in Eq. (16) and ␤ is allowed to vary with latitude. Because the eddy momentum flux across the equator is always negligible, the momentum is conserved separately in each hemisphere. The coefficient K 0 , which is part of the solution, can therefore be determined by requiring the angular momentum conservation in each hemisphere
Thus, K 0 is allowed to have different values between the Northern (NH) and Southern (SH) Hemispheres.
In our control experiments, typical annual mean values for K 0 reach 0.4 ϫ 10 6 m 2 s Ϫ1 and 0.6 ϫ 10 6 m 2 s Ϫ1 in the NH and SH, respectively. We use a zero wind stress boundary condition at both poleward extremes of the domain. At the equator, the zonal wind stress is imposed and fixed to zero.
When averaging temporally and zonally the momentum balance in the zonal direction, and neglecting the nonlinear terms near the surface, the surface drag force nearly balances the Coriolis force in the planetary boundary layer. The meridional wind stress can thus be related to the zonal wind stress through
The norm of the surface wind speed U affecting the bulk surface fluxes is finally obtained through
where u tt denotes a constant and uniform wind velocity that is meant to represent unresolved processes, such as the wave state, on the roughness of the sea surface. In addition, the use of a low cutoff value for the wind speed allows us to avoid an unrealistic surface energy balance when the scalar wind speed is close to zero (Held and Suarez 1978) . Using results of baroclinic instability theory and scaling arguments for wave amplitudes, Green (1970) and Stone (1972) developed parameterizations of the meridional eddy heat flux that have a square dependence on the meridional temperature gradient. This implies that the meridional eddy diffusivity k s , sometimes referred to as the eddy transfer coefficient, is proportional to the atmospheric meridional temperature gradient. To take into account this effect in the perturbed experiments where substantial changes in hemisphericscale meridional temperature gradient are expected, the background meridional eddy diffusivity k s (Table 1) is thus modified by multiplying its value by
where ⌬⌰Ј s represents the change in the equator-pole zonally averaged SAT difference between the perturbed and control runs. This simple formulation has the advantage of ensuring angular momentum conservation while varying k s with time in the perturbed experiments. The coefficient ␣ (K Ϫ1 , defined positive) serves as a simple wind stress feedback parameter. Increasing (decreasing) its value yields greater (weaker) sensitivity of the surface wind stress to temperature changes. Note that the wind stress feedback is still present for ␣ ϭ 0 K
Ϫ1
, but is at its weakest magnitude. The sensitivity of the solutions to this parameter will be examined below.
c. Experimental design
The list of experiments discussed in the text is given in Table 2 . A deliberate emphasis is placed upon the transient response of the coupled system. Transient meltwater events of various magnitudes, but fixed durations (i.e., 300-yr length), are applied at high northern latitude deep-water formation regions (70°-76°N). During these water-hosing experiments, the water fluxes at the ocean surface are modified by adding an external source of freshwater to the (local) simulated freshwater flux. This anomaly increases linearly during the first 150 yr of the event to a maximum value M, ranging from 0.10 to 0.30 Sv, depending on the experiments, and linearly returns back to zero in the same time period (Fig. 2) . No further freshwater perturbations are applied. The perturbations are compensated in the other parts of the domain in order to conserve salt globally. This allows us to isolate the effects of changes in ocean circulation from those in mean salinity. We note, however, that there was no such salt com-TABLE 2. Details of the group of experiments designed to assess the influence of the wind stress feedback on the response of the MOC to external sources of freshwater applied at high northern latitudes, north of 70°N. The relevant parameters are the atmospheric CO 2 concentration (ppm), the magnitude M of the freshwater perturbation (Sv), and the magnitude of the wind stress feedback ␣ (K
Ϫ1
). The last column indicates the number N of simulations performed for each group. The value OFF for ␣ denotes experiments without wind stress feedback.
Expt
Characteristics pensation taking place during Heinrich events. The rate and duration of these imposed meltwater events are believed to be consistent with those constrained by the distribution of oxygen isotopes in the ocean during Heinrich events (Roche et al. 2004 ).
For each of these water-hosing cases, a series of experiments spanning a range of wind stress feedback magnitudes is performed, and the responses with and without wind stress feedback are compared. It should be noted that the partially coupled experiments with prescribed wind stress forcing considered in this paper differ from those performed by Krebs and Timmermann (2007) in which the negative temperature feedback to the atmosphere (Rahmstorf and Willebrand 1995) , in addition to the wind stress feedback, is eliminated. To determine the extent to which the mean state matters to the problem, three sets of experiments that differ only from their mean climate state have been performed (Table 2 ). The first group of experiments aims to capture a "modern" (i.e., warm) climate with an atmospheric CO 2 concentration of 320 ppm. The last two groups of simulations feature a mean glacial climate with enhanced planetary albedo north of 50°N, and reduced atmospheric CO 2 concentrations of 200 and 250 ppm, respectively.
For each of these three sets of experiments, the model is initialized from a dry isothermal atmosphere and a homogeneous ocean at rest, and spun up to a steady state over a 5000-yr time period with both interactive surface wind stress and wind speed. These steady states serve as initial conditions for further sensitivity experiments involving meltwater events. The timeaveraged seasonal cycle of surface wind stress and wind speed are diagnosed over the last 100 yr of these control runs and used for further sensitivity experiments without wind feedback. Starting from the steady state obtained at the end of the spinup period, the model is first integrated for a period of 500 yr to allow the system to adapt to the new wind stress forcing, which can either be constant or whose feedback magnitude has been modified using the parameter ␣ (see section 2b). The freshwater perturbation is then added over the next 300 yr, after which the model is integrated for another 2200 yr without any perturbation in the forcing. This thus completes a total integration period of 3000 yr.
The mean state of the control experiments a. Modern climate
The mean oceanic circulation (Fig. 3a) features a thermally direct MOC in the NH (12 Sv), an abyssal cell (5 Sv), an AABW cell (2.5 Sv), and a Deacon cell (4 Sv). The maximum strength of the latter two may seem too low compared to observations, but the fraction of the latitude circle occupied by the ocean basin is 1/6, so that the overturning rates per unit zonal width remain within realistic bounds. Despite the simplicity of the wind stress formulation, both the annual mean (Fig. 4 ) and seasonal variations (not shown) of surface zonal wind stress are in reasonable agreement with observations (Hellerman and Rosenstein 1983) , although the wind stress curl is underestimated at high northern latitudes. The wind stress forcing at high southern latitudes results in a vigorous barotropic circulation of about 120 Sv at the latitude of the "Drake Passage" (not shown). The model also captures a low-salinity tongue in the SO, characteristic of Antarctic Intermediate Water (AAIW; Fig. 3b ). The depth penetration of the simulated AAIW is, however, weaker than that observed (1000-1500 m). The structure of the zonal mean oceanic temperature is realistic, with the coldest waters found south of the southern channel (Fig. 3c) , and stratification in good agreement with that observed. The main characteristics of the model's glacial climate are a global SAT cooling of 8°C, a reduced deepocean ventilation, and a weaker depth penetration of the sinking water at high northern latitudes (Fig. 3b) . Our model results indicate a tropical sea surface tem- perature (SST) cooling (5°C) that is larger than what is suggested by the planktonic foraminifera-based SST reconstructions (2°C; CLIMAP 1981), but not at odds with other marine and terrestrial proxy records (Crowley 2000) . The overall shoaling of the NADW seen in paleoclimate records (Duplessy et al. 1988) does not occur in our simulations, a bias that is also present in some of the second phase Paleoclimate Modeling Intercomparison Project (PMIP2) models (Otto-Bliesner et al. 2007 ). The NH sea ice coverage expands (Fig. 5) , causing the convection sites to move southward, similar to simulations performed with other climate models (Ganopolski et al. 1998; Schulz and Paul 2004; ). In the SO, the increased brine rejection owing to sea ice expansion results in a stronger AABW formation (Fig. 3d ), in agreement with previous studies performed with comprehensive ocean-atmosphere models (Shin et al. 2003; Otto-Bliesner et al. 2006 ). The zonally averaged salinity (Fig. 3e) features a SO salinity tongue (AAIW) that is fresher than in the modern climate case, in agreement with larger northward export, and ultimately melting, of sea ice at these latitudes. The southward shift of deep convection in the NH results in a freshening at high northern latitudes. A remarkable feature of the simulated glacial climate is a rather uniform deep-ocean temperature (Fig. 3f ), in agreement with observations (Lynch-Stieglitz et al. 2007 ) and results from realistic climate models (e.g., Shin et al. 2003) . Changes in the NH westerlies (Fig. 4) include a local increase as well as a southward shift of roughly 5°l atitude, in good agreement with simulations performed with realistic climate models (Shin et al. 2003) . Angular momentum conservation implies a strengthening of the NH trade winds. In the SH, changes are globally smaller, with an equatorward shift of the westerlies without any local increase in their strength (Fig. 4) .
b. Glacial climate

Freshwater perturbation experiments a. Modern climate
In agreement with previous studies, increasing the freshwater discharge weakens the MOC. Beyond a certain threshold, the so-called saddle-node bifurcation of Stommel's (1961) classical box model, a rapid cessation of NADW formation appears. This occurs in our model for a critical value of freshwater input of nearly 0.40 Sv. However, after the freshwater perturbation ceases, the MOC recovers to near its initial value. Several experiments with increasing magnitudes of freshwater input have been performed. In none of these experiments could the model reach a stable climate state that showed an MOC that is significantly different from that maintained in the control run. In what follows, the re- gional impact of the wind stress feedback on both the water mass properties and climate are briefly described for ␣ ϭ 0.1 K Ϫ1 and for a freshwater input of 0.30 Sv. Unlike the glacial case, the results under modern forcing are qualitatively the same for all wind stress feedback magnitudes. This section serves as a reference for the results obtained under glacial climate conditions, described in the next section.
The intensification of the NH westerlies and trade winds during the hosing period (years 500-800, Fig. 6a ) makes the subtropical thermocline deeper and its temperature warmer (Fig. 6b) . This can be predicted by the classical Luyten-Pedlosky-Stommel theory (Luyten et al. 1983) , for which enhanced wind stress curl causes the isopycnal surfaces to move downward, which results in an increased thermocline temperature. In addition, the stronger western boundary current causes more warm surface waters to be advected northward by the largescale gyre flow.
In the subpolar gyre, the stronger wind stress curl during the hosing period causes increased Ekman pumping that brings warm and salty waters upward to subsurface depths. A broad increase in upward vertical velocity below the uppermost level of typically 5 ϫ 10 Ϫ7 m s Ϫ1 results, which is largely determined by changes in Ekman pumping (Fig. 6c) . The ensuing warmer subpolar SST yields a decrease of sea ice concentration (Fig. 7a) , and ultimately sea ice volume (not shown). Despite the decrease in sea ice volume, the southward sea ice export increases slightly (Fig. 7b) . However, this southward sea ice export anomaly weakens as a function of the wind stress feedback magnitude (not shown) because the sea ice volume changes dominate the sea ice export anomalies. The decrease in subsurface polar ocean temperatures seen in Fig. 6b is consistent with the stronger upward Ekman pumping during the hosing period that exports deep warm waters upward.
To determine the processes responsible for the formation of the positive salinity anomaly in high northern latitudes (Fig. 6d) , the freshwater budget of the subpolar box extending from 60°N to the northern ocean boundary, and in the upper 250 m, has been analyzed. A reference salinity of 34.9 psu has been adopted. This value corresponds to the mean salinity averaged in this subpolar box and over the last 100 yr of the control run. The oceanic freshwater fluxes are computed on the basis of the Eulerian mean and GM velocities. In what follows, negative values indicate a sink of freshwater (i.e., import of salty waters) in the subpolar box. The analysis reveals that changes in advective freshwater fluxes in the vertical direction (Ϫ6.2 ϫ 10 Ϫ2 Sv) are much larger than those in the horizontal sense (Ϫ0.3 ϫ 10 Ϫ2 Sv). Indeed, the southward freshwater export by the subpolar western boundary current does increase, but at the same time the freshwater inflow increases across much of the ocean interior, therefore resulting in a near-zero change in zonally integrated freshwater export through horizontal advective processes. These results therefore indicate that the formation of the positive salinity anomaly in the upper subpolar gyre during the hosing period is caused by the stronger-than-normal upward Ekman pumping, which brings deep, salty waters up toward the surface. This salinity anomaly further initiates an anomalous salinity-driven upperocean overturning that is responsible for the faster recovery of the MOC in experiments involving interactive wind stress forcing (Fig. 8 ), in agreement with the original study of Mikolajewicz (1996) . The anomalous overturning is salinity driven in the sense that the perturbed meridional density gradients are dominated by salinity contrasts between polar and subpolar latitudes.
After the hosing period, changes in poleward heat (Fig. 9a) and salt (Fig. 10a ) transports are mostly driven by the thermohaline circulation rather than Ekman processes. The warming of the sea surface as well as the overlying atmosphere during that period is thought to be largely amplified through intermediate sea ice processes; namely the reduced insulating effect during wintertime, and the reduced surface albedo during summertime. Figure 10 indicates that the wind stress feedback in the NH is directly responsible for a widespread NH warming in SST and SAT of about 4°and 8°C, respectively. The effect of the wind stress feedback is thus to reduce the NH cooling triggered by the original freshwater discharge, and thereby to mitigate the so-called thermal bipolar seesaw pattern characterized by time-delayed temperature anomalies between the SH and NH (Crowley 1992) . The impact on sea surface salinity (SSS) in contrast is very moderate in the after- math of the freshwater pulse. This may be due to the combined effect of enhanced sea ice melting (Fig. 11 ) and increased northward salt transport (Fig. 10a ) during that period.
b. Glacial climate
Under glacial climate conditions, the critical freshwater flux beyond which the circulation breaks down is significantly smaller than that for warmer climates. In other words, as the climate cools down, the saddle-node bifurcation moves toward lower freshwater forcing as shown in the stability diagrams produced by Ganopolski and Rahmstorf (2001) , Schmittner et al. (2002) , and Meissner et al. (2003) . This feature may be related to the fact that in a cold climate, the buoyancy loss associated with ocean heat release to the atmosphere requires a smaller buoyancy gain, resulting from freshwater input, for instance, to shut down convection compared to warmer climates. The essential physics of this phenomenon is captured by the conceptual model of Rahmstorf (1996) . In particular, the critical freshwater input is about 0.20 Sv in our model, a value 50% smaller than for the modern climate case addressed above. Figure 12a shows the maximum changes in westerly surface wind stress in the NH for warm and cold climates as a function of the wind stress feedback magnitude. For large values (e.g., 0.2 K Ϫ1 ), the magnitude of the subtropical SAT cooling in the NH is similar for warm and cold climates (about 5°C). However, the warm climate wind stress anomaly is about 3 times larger than that for cold climates. To understand this, one must note that the wind stress response to temperature anomalies depends on the meridional scale of SAT anomalies, as shown in the scaling analysis performed by Arzel and Huck (2003) . For large-scale perturbations, the wind stress anomaly balances the meridional temperature gradient. In this case the dynamical balance is dominated by the meridional gradient of vorticity stretching. As the meridional scale of SAT anomalies decreases, the second term on the LHS and the last term on the RHS of Eq. (16) play a larger role in the momentum balance. Figures 12b,c indicate that the meridional scale of the SAT cooling for cold climates is smaller that that for warm climates. This may be caused by sea ice-related processes, such as the ice-albedo feedback and insulating effects, that tend to amplify SAT changes locally. These (small scale) terms result from the contribution of the surface and thermal winds to the relative vorticity gradient, and counteract the large-scale effect of the overall increase in meridional SAT gradient. This counteracting effect might also explain the smaller sensitivity of changes in the surface wind stress forcing to the wind stress feedback magnitude under cold climate conditions.
It should be noted that although the wind stress changes are relatively small in the glacial perturbed ex- (Fig. 14c) , all of the experiments share the same feature; namely, the wind stress feedback under glacial climate conditions delays the recovery of the MOC, and in some cases even stabilizes collapsed MOC states achieved during the hosing period. This is exactly the opposite of what occurs under modern climate conditions (as above, and also in Mickolajewicz 1996) and this constitutes the central result of this paper.
If the circulation state is sufficiently far away from the critical transition threshold beyond which the MOC breaks down (i.e., toward lower freshwater forcing), then the wind stress feedback is unable to maintain collapsed MOC states. This is especially true for the low freshwater input case in the warmest glacial experiment (Fig. 13a) ; the circulation always resumes, but with a delay of roughly two centuries, as compared to the case without wind stress feedback. As the climate cools down or the anomalous freshwater input increases, the circulation state approaches the critical transition and becomes more sensitive to changes in wind stress forcing. When inspecting the time series in Figs. 13b and 14a, we see that the impact of these changes on the MOC appears, however, to have a nonlinear nature; that is, the circulation breaks down only for intermediate wind stress feedback magnitudes and recovers otherwise. The origin of this interesting behavior will be examined later on. For the warmest glacial climate experiment, for instance, and for the weakest wind stress feedback magnitude (␣ ϭ 0 K Ϫ1 , see Fig. 13b ), the circulation recovers approximately five centuries later ), then the circulation collapses and the system reaches a stable steady state without NADW formation. For even larger feedback values (␣ ϭ 0.50 K
Ϫ1
, blue curve in Fig. 13b ), the MOC recovers and the response is similar to that obtained with ␣ ϭ 0. Finally, if the freshwater discharge is large enough (Figs. 13c and 14b) , the wind stress feedback has the effect of strongly stabilizing the collapsed MOC states achieved during the hosing period, whatever the range of wind stress feedback magnitudes considered.
In summary, in the less extreme cases, the wind stress feedback delays the recovery of the MOC from one to a few centuries. In the more extreme cases, however, the wind stress feedback strongly stabilizes collapsed MOC states achieved during the hosing period. These results therefore suggest that the overall effect of the wind stress feedback is to decrease the stability of glacial MOC states by reducing the critical amount of anomalous freshwater delivery required to shut down convection. Our results imply also that the main climatic impact of the wind stress feedback in a glacial climate is to enhance the thermal bipolar seesaw. These features are exactly opposite to those operating in a modern-day climate.
2) MECHANISMS
This section presents the processes through which the wind stress feedback reduces the stability of the glacial MOC. Our wind stress formulation allows the wind stress feedback to be activated in one hemisphere and turned off in the opposite hemisphere. This feature has been exploited to investigate the influence of the wind stress feedback in the NH on the response of the coupled system. Time series presented in Fig. 15 reveal that the MOC response when the wind stress is constant just in the NH is very similar to that with a constant surface wind stress everywhere. This indicates that the origin of the stabilizing influence of the wind stress feedback on collapsed MOC states lies locally in the NH. In addition, this shows that changes in the surface wind stress in the SH are unimportant for the MOC response in our model.
In what follows, we investigate the changes in several relevant physical quantities owing to the wind stress feedback for ␣ ϭ 0.1 K Ϫ1 and a freshwater input of 0.10
Sv for the climate state having an atmospheric CO 2 concentration of 200 ppm. The conclusions are qualitatively the same for the warmest glacial experiment, so we focus on the 200 ppm case. Similar to the modern climate response, the intensification of the NH westerlies during the hosing period (years 500-800) results in an increase in southward sea ice export (Fig. 7d , and arrow 1 in Fig. 16 ). Enhanced southward sea ice export entails an increase in sea ice concentration at the proximity of the unperturbed (i.e., control) sea ice edge (Fig. 7b) . As a result, the ocean heat loss through turbulent heat fluxes decreases in these enhanced sea icecovered regions. The decrease in zonally averaged upward latent and sensible heat fluxes during that period reach 30 and 40 W m
Ϫ2
, respectively (not shown). The deep-water formation regions are then forced to move southward and the meridional mass transport weakens (arrow 2 in Fig. 16 ). This causes a freshening of the polar and subpolar oceans that in turn forces the mass transport to decrease even further (arrows 3 in Fig. 16 ) through the well-known positive feedback between the MOC and northward salt transport (e.g., Rooth 1982; Walin 1985) . The wind stress feedback under glacial climate conditions therefore strengthens the highlatitude freshening initially induced by the freshwater perturbation. The wind feedback-induced decrease in northward oceanic heat transport cools down the subtropical surface waters, at some point resulting in sea ice formation (Fig. 11b , and arrow 4 in Fig. 16 ) mostly south of the unperturbed sea ice edge (between 45°and 50°N). This southward sea ice expansion further forces the deep-water formation regions to migrate southward, and hence weakens the MOC. The subsequent reduced ocean heat release and enhanced surface albedo cause a cooling of the overlying atmosphere (Fig.  9f) , which in turn strengthens the initial meridional temperature gradient anomaly, and ultimately the initial surface wind stress anomaly. For this reason, the initial surface wind stress anomaly resulting from the freshwater discharge can be sustained for several centuries beyond the hosing period. The climatic impact of a high northern latitude freshwater perturbation tends therefore to last longer in a glacial than in a modern climate.
3) SENSITIVITY TO THE WIND STRESS FEEDBACK
MAGNITUDE
As noted above, if the magnitude of the freshwater perturbation is not too large (Figs. 13b and 14a) , a strong stabilization of collapsed MOC states occurs only for intermediate wind stress feedback magnitudes. This nonlinear dependence of the response upon the strength of the wind stress feedback therefore suggests that at least two competing processes act in concert while the wind stress forcing is changing. The former one (i.e., the dominant one) has already been discussed above and is related to the stabilizing influence of the sea ice export on collapsed MOC states. Unlike the modern case, as the wind stress feedback gets stronger under glacial forcing, the southward sea ice export anomaly increases during the hosing period. To understand the origin of this difference, one must first note that the sea ice export is generally prominent in regions adjacent to the sea ice edge location, where sea ice compression effects are the smallest. Second, in both modern and glacial climate states, enhanced wind stress curl conditions over the subpolar gyre cause stronger upward Ekman pumping, bringing warm waters to the upper ocean, and ultimately resulting in local sea ice melting (Fig. 11) . In a warm climate, these sea ice melting areas coincide with regions where changes in sea ice velocity are the largest. As mentioned above, the combination of these two processes ensures, during the hos- FIG. 16 . Schematic of the mechanisms proposed to explain the effect of changes in surface wind stress on the response of the glacial MOC to an anomalous freshwater discharge in high northern latitudes. Each interaction between different boxes has been labeled with a number for easy reference in the text. The signs on the arrows are linked to the impact of an anomaly of one variable on the anomaly of the following one. For instance, the minus sign on arrow 2 means that an increase in the southward NH sea ice export induces a weakening of the MOC. For more details see section 4b.
ing period, a decrease in southward sea ice export anomalies as a function of the wind stress feedback magnitude. In a glacial climate, however, changes in sea ice velocity are dominant at midlatitudes, between 50°a nd 55°N, which are regions that are clearly located farther south of the regions characterized by anomalous upward Ekman pumping. Therefore, in a glacial climate, the warming of the upper subpolar ocean associated with stronger-than-usual Ekman pumping is unable to affect the sea ice volume in regions where changes in sea ice velocity are the largest. As a consequence, increasing the magnitude of the wind stress feedback under glacial climate conditions yields larger southward sea ice export anomalies during the hosing period. The larger the sea ice export anomalies, the stronger the reduction of the stability of the glacial MOC.
The second process is related to the upward NH subpolar Ekman pumping that brings deep, salty waters upward. Figure 17 illustrates the impact of increasing wind stress feedback on both the vertical velocity at the base of the mixed layer and the SSS at the time of the maximum freshwater delivery (years 600-700). The stronger the wind stress feedback, the larger the increase in upward Ekman pumping and the stronger the salinification of the upper subpolar gyre. In addition, as the wind stress feedback gets stronger, the northward Ekman transport in the tropics increases, mainly in the NH. This results in an increase in the northward advection of salty waters (Fig. 18) function of the wind stress feedback magnitude during the shutdown phase of the MOC. These processes mitigate the midlatitude freshening caused by the interactions between sea ice and the wind field. For strong enough wind stress feedback, this mitigation is sufficiently strong to initiate the recovery of the MOC. This is consistent with Krebs and Timmermann (2007) , who found that positive salinity anomalies generated in the tropics through air-sea interactions during the shutdown phase of the MOC are advected northward by the wind-driven circulation into the deep-water formation regions, thereby accelerating the recovery of the MOC. Mikolajewicz (1996) and Schiller et al. (1997) showed that the wind stress feedback increases the stability of the MOC. However, this finding was obtained under present-day climate conditions, for which the massive continental ice sheets (i.e., Laurentide and Fennoscandian) that are characteristic of glacial times are missing. Here a coupled ocean-atmosphere-sea ice model of intermediate complexity was used to show that wind stress feedback under glacial climate conditions facilitates complete and irreversible MOC shutdown. This is exactly the opposite of what happens under modernday climate conditions. We showed that the origin of this behavior is due to interactions between the wind field and sea ice in the NH. The increase in NH westerlies during the waterhosing period forces enhanced southward sea ice export (Fig. 16) . Positive sea ice anomalies are thus found near the unperturbed sea ice margin. The consequences are twofold: First, this yields an additional cooling of the overlying atmosphere at midlatitudes, which further enhances the initial sea ice anomalies. Second, this forces a southward shift of the deep-water formation regions as well as a weakening of the MOC. This weakening is further enhanced through the positive feedback between the MOC and the advective salt transport. The associated reduction in northward heat transport results in enhanced sea ice formation and atmospheric cooling in the NH. The latter further strengthens the NH meridional SAT gradient, and in turn the initial surface wind stress anomalies. Changes in surface wind stress in the SH do not significantly affect the MOC responses. Our results imply that 1) the wind stress feedback decreases the stability of the glacial MOC by reducing the critical amount of anomalous freshwater flux required to shut down convection, and 2) the direct climatic impact of the wind stress feedback in a glacial climate is to enhance the magnitude of the so-called thermal bipolar seesaw.
Summary and discussion
Close to the critical transition threshold beyond which the MOC collapses, the glacial MOC is very sensitive to changes in surface wind stress, and in the aftermath of the freshwater perturbation it exhibits a nonlinear dependence upon the wind stress feedback magnitude. In particular, a complete and irreversible collapse of the MOC appears only for intermediate wind stress feedback magnitudes. This behavior is caused by the increase in both the upward Ekman pumping in the core of the NH subpolar gyre, and the northward Ekman transport in the tropics during the shutdown phase of the MOC. These processes mitigate the midlatitude freshening caused by the interactions between the sea ice and the wind field. Our analysis suggests that beyond a critical wind stress feedback magnitude, this mitigation is sufficiently strong to initiate the recovery of the MOC.
Why is the impact of the wind stress feedback on the response of the MOC to a freshwater pulse so different between a modern and a glacial climate? We suggest here that the cause of this difference is intimately related to the nature of the mean climate state, and more particularly to the NH sea ice extent. In a warm climate, the deep-water formation regions in the NH coincide with the area where anomalous upward Ekman pumping during the hosing period occurs. Henceforth, the upwelling of salty waters caused by enhanced wind stress curl conditions during the water-hosing period directly affects the structure of the halocline, and thereby the deep-water production rate. In the real ocean and in realistic ocean models, this specific region would be the cyclonic gyre in the Greenland-IcelandNorwegian (GIN) Seas (Schiller et al. 1997) . In a glacial climate, however, the extensive sea ice coverage forces the deep-water formation regions to move farther south from the area of anomalous upward Ekman pumping. Comprehensive climate models set up under glacial boundary conditions simulate a southward shift of latitude of NADW production by up to 20° , while proxies suggest enhanced deep convection south of Iceland (Pflaumann et al. 2003) . These deepwater formation regions do not coincide with those characterized by strong changes in upward Ekman pumping during the hosing period, generally found farther north in the GIN Seas (Mikolajewicz 1996; Schiller et al. 1997) . In this manner, the salinity supplied by the anomalous Ekman pumping plays a lesser role under glacial forcing, and is unable to destabilize the collapsed MOC state achieved during the hosing period.
The conclusions of this paper have been obtained through the deliberate use of an intermediatecomplexity climate model, making use of a highly idealized ocean geometry of the Atlantic basin. The model cannot therefore represent the observed complex freshwater and sea ice pathways strongly constrained by narrow passages characteristic of the Arctic Ocean geography. In addition, the Pacific-Atlantic density contrast in the NH might also exert a stronger control over the MOC than the north-south density differences on multicentury time scales (Seidov and Haupt 2003) . In the context of air-sea interactions, the main limitation of this paper is related to our wind stress formulation that does not permit nonzonal pressure anomalies, and is therefore best suited to aquaplanet-related studies where zonal pressure gradients are expected to remain weak. Investigating the robustness of the mechanisms found here in a more realistic framework, with respect to either geometry or physics, is therefore a priority of future research.
Our wind stress formulation always produces a strengthening of NH westerlies during the shutdown phase of the MOC. This means that during that period, the overall effect of the increase in meridional SAT gradient dominates the counteracting effect associated with geostrophic pressure anomalies. This feature is in qualitative agreement with the wind stress changes simulated by the ocean-atmosphere-sea ice model of intermediate-complexity Climate de Bilt-coupled large-scale ice-ocean (ECBilt-CLIO) model under LGM conditions in response to a transient meltwater pulse in the North Atlantic Ocean (Timmermann et al. 2005, their Fig. 5 ). The study of Timmermann et al. (2007) reveals however, that this behavior is not a robust feature across five state-of-the art climate models set up under modern climate conditions (their Fig. 4) , and that even the sign of the wind stress changes over the North Atlantic is not obvious a priori. While the Third Hadley Centre Coupled Ocean-Atmosphere General Circulation Model (HadCM3) model apparently does show some strengthening of the westerlies during the shutdown phase of the MOC, other models show mixed or even opposite results. The disagreement between models suggests therefore that the applicability of our results to the real world requires further analysis. Nevertheless, we have proposed plausible feedback mechanisms that likely play a role in more complex climate models. Paleo-oceanographic data support the notion that the AMOC always recovered soon after the end of Heinrich events (Vidal et al. 1997 ). This observation makes it highly unlikely that changes in surface wind stress forcing associated with Heinrich events have led to a complete and irreversible AMOC shutdown. The implication of this modeling study for the paleoclimatic records of the LGM is that rather wind stress feedbacks may have delayed the recovery of the AMOC after the termination of Heinrich events.
